Abstract Older individuals who exercise regularly exhibit greater resistance to oxidative stress than their sedentary peers, suggesting that exercise can modify age-associated loss of resistance to oxidative stress. However, we recently demonstrated that a single bout of exercise confers protection against a subsequent oxidative challenge in young, but not older adults. We therefore hypothesized that repeated bouts of exercise would be needed to increase resistance to an oxidative challenge in sedentary older middle-aged adults. Sedentary older middle-aged men and women (50-63 years, n = 11) participated in an 8-week exercise intervention. Maximal oxygen consumption was measured before and after the intervention. The exercise intervention consisted of three sessions per week, for 45 min at an intensity corresponding to 70-85 % maximal heart rate (HR max ). Resistance to oxidative stress was measured by F 2 -isoprostane response to a forearm ischemia/ reperfusion (I/R) trial. Each participant underwent the I/R trial before and after the exercise intervention. The intervention elicited a significant increase in maximal oxygen consumption (VO 2max ) (P < 0.0001). Baseline levels of F 2 -isoprostanes pre-and post-intervention did not differ, but the F 2 -isoprostane response to the I/R trial was significantly lower following the exercise intervention (time-by-trial interaction, P = 0.043). Individual improvements in aerobic fitness were associated with greater improvements in the F 2 -isoprostane response (r = −0.761, P = 0.011), further supporting the role of aerobic fitness in resistance to oxidative stress. These data demonstrate that regular exercise with improved fitness leads to increased resistance to oxidative stress in older middle-aged adults and that this measure is modifiable in previously sedentary individuals.
Introduction
Aging is associated with significant impairment in tolerance to acute oxidative stressors, and this impairment appears to contribute to the increased rate of morbidity and mortality of older adults (Finkel and Holbrook 2000) . Therefore, increasing the capacity to handle these stressors may play an important role in the prevention of age-related disease leading to more successful aging. It is projected that health care spending will increase by 25 % due to the shift in demographics (Jacobzone and Oxley 2002) . In addition, less than 16 % of adults currently aged 55-64 meet the minimum recommended guidelines for physical activity, which may further exacerbate health problems in the future (Statistics 2015) . While it is well accepted that exercise is beneficial, it is less clear whether the effects of sedentary lifestyle can be reversed when started later in life, in terms of redox balance and disease risk.
Previously, we have shown in a cross-sectional study in older adults that physical fitness is associated with lower oxidative stress and greater capacity to resist an oxidative challenge (Traustadottir et al. 2012) , and that a single bout of exercise is protective against a subsequent non-exercise oxidative challenge in young, but not older adults (Nordin et al. 2014) . These data suggest not only that older adults have a reduced capacity to constrain an oxidative insult, but that there may be a loss of signal transduction in the endogenous antioxidant response in older adults.
Studies in traditional models of oxidative stress have shown that repeated exposure to transient oxidizing environments, such as repeated doses of hydrogen peroxide, lead to upregulation of defense enzymes resulting in increased protection against later oxidative exposures of higher concentration or duration (Pickering et al. 2013) . In a similar fashion, regular exercise repeatedly flexes the redox environment, which could in turn strengthen the endogenous antioxidant defense network. Thus, regular exercise may be an effective and inexpensive means for improving redox balance.
Exercise intervention studies have traditionally measured the effect of the intervention on basal levels of circulating biomarkers of oxidative stress pre-and post-treatment or have used an exercise challenge as the method of increasing oxidative stress for measurement (Campbell et al. 2010) . However, neither of these methods for measuring oxidative stress necessarily translates into how well an individual can tolerate an oxidative insult. The endogenous antioxidant defense system is dynamically upregulated in response to shifts in redox balance, thus measuring the dynamic response to such a shift provides a clearer picture of the individual's ability to constrain an oxidative challenge when compared to measuring basal levels. Additionally, in order to answer the question of whether adaptations to exercise translate to resistance towards non-exercise oxidative stressors, it is important to choose a stressor that is different from that of exercise. Forearm ischemia/reperfusion (I/R) is a well-established means for measuring the dynamic response to a non-exercise oxidative challenge Traustadottir et al. 2012) . I/R causes a robust increase in the production of reactive oxygen species, and models common acute events experienced in older adults such as cardiovascular disease and trauma (Kharbanda et al. 2002) . By measuring the F 2 -isoprostane response to forearm I/R, individual responses can be quantified.
The purpose of this study was to investigate whether a regular exercise intervention could increase resistance to oxidative stress as measured by the F 2 -isoprostane response to forearm I/R. Perturbations caused by acute exercise are not limited to active skeletal muscle (Tanaka et al. 2006) ; therefore, it is reasonable to assume that adaptations to regular exercise should confer systemic resistance as measured by the forearm I/R trial, similar to remote preconditioning (Kharbanda et al. 2002; Seeger et al. 2015) . We hypothesized that successive bouts of acute aerobic exercise during an 8-week exercise intervention would improve this resistance by stimulating the signaling pathways for production of endogenous antioxidants, in turn providing increased protection against a non-exercise oxidative challenge.
Methods

Participants
Eleven inactive men (n = 4) and women (n = 7) aged 50-63 years were recruited from the community. The study participants were generally healthy (no overt disease), non-smokers, not taking antioxidant supplementation in excess of a daily multi-vitamin, not regularly taking non-steroidal anti-inflammatory drugs, and not overly obese (BMI ≤ 33.0 kg/m 2 ). Subjects were eligible to participate if they had not been actively exercising for 6 months prior to the study, as per self-report. Individuals were excluded if they had experienced a myocardial infarction within the last 6 months or if there were any clinically significant electrocardiogram (EKG) abnormalities at rest or during the maximal oxygen consumption (VO 2max ) test. Any condition that would contraindicate maximal exercise testing, including elevated blood pressure at rest or musculoskeletal problems, excluded subjects from participating in the study. Women were post-menopausal and were not taking any hormone replacement therapy as we have previously shown that estrogen has a significant effect on the F 2 -isoprostane response to the I/R trial ). All the participants signed a written informed consent approved by the Northern Arizona University Institutional Review Board.
Study design
The study was a longitudinal study employing an 8-week supervised aerobic exercise intervention. The participants were inactive for at least 6 months prior to enrolling in the study, and were screened for eligibility as described below. Each participant completed a maximal graded exercise test on a cycle ergometer to determine aerobic fitness (VO 2max ) and maximal heart rate to inform the training intensity used during the intervention. The study participants completed a forearm ischemia/reperfusion (I/R trial) prior to beginning the exercise intervention, and following completion of the intervention in order to determine their ability to constrain an oxidative insult. These visits were separated from the VO 2max test or any other acute exercise by a minimum of 48 h to control for any confounding effects of acute exercise. Due to funding limitations, a control group for the I/R trial was not included; however, we have previously shown that there is no preconditioning effect to the I/R trial in time periods even as short as 2 and 4 weeks apart (Traustadóttir et al. 2009 ).
Screening visit
Prior to any exercise testing, the participants completed a health history questionnaire. Height, weight, waist circumference, body composition (skinfolds), and resting blood pressure were measured, and a 12-lead supine resting electrocardiogram was obtained for screening any abnormalities that would exclude the participant. Waist circumference was measured at the level of the umbilicus using a tape measure. Skinfolds were taken at five sites: triceps, subscapular, thigh, abdominal, and suprailiac. All skinfold measures were taken by the same technician using Lange skinfold calipers. Enrolled subjects underwent these same measures following the exercise intervention.
Maximal oxygen consumption test VO 2max was measured with a graded exercise test performed on a cycle ergometer as previously described (Traustadottir et al. 2012; Traustadóttir et al. 2008) . The starting workload (typically 15 or 20 W) was selected based on the predicted maximal workload for each individual, and was increased every minute until volitional exhaustion. The participants were instructed to maintain a pedaling rate of 60-70 rpm throughout the test. Oxygen consumption was measured by indirect calorimetry using a metabolic measurement cart (Vmax29, CareFusion, Yorba Linda, CA, USA). Heart function was monitored with continuous 12-lead electrocardiogram. VO 2max was considered achieved if two of the following three criteria were met: (1) a plateau in VO 2 with an increase in workload, (2) a respiratory exchange ratio ≥1.10, and (3) heart rate within ten beats of age-predicted maximal heart rate (Kohrt et al. 1991) . Standard contraindications to exercise testing and termination criteria outlined by American College of Sports Medicine were followed at all times.
Exercise intervention
The study participants reported to the Northern Arizona University Recreation Center for supervised aerobic training three times per week utilizing treadmill, elliptical trainer, and stationary cycling modalities for 45 min per session. The participants wore heart rate monitors (Polar RS4000, Polar Electro Inc., Lake Success, NY, USA) throughout exercise sessions to monitor heart rate. Heart rate was chosen as the measure of exercise intensity in order to avoid the need for additional fitness testing during the intervention, as maximal heart rate is unlikely to change significantly in response to a training program. Target heart rate was set at 70-85 % maximal heart rate as measured by maximal exercise testing. The participants were introduced to the exercise protocol over the course of 2 weeks, starting at 30 min for the first two sessions, with an increase of 5-min total exercise time every two sessions until the final target exercise time of 45 min was achieved. After the completion of each exercise session, the participants performed an active cool-down.
Forearm ischemia/reperfusion trial
The study participants reported to the laboratory preand post-exercise intervention to complete the forearm ischemia/reperfusion trial as previously described Traustadóttir et al. 2009; Traustadottir et al. 2012) . Briefly, an intravenous catheter was inserted into the arm, and a baseline blood sample was collected (pre). The catheter was kept in situ with a slow saline drip throughout the trial. A blood pressure cuff was placed on the same arm, inflated to 200 mmHg, and kept inflated for 10 min then released for 2 min. This inflation procedure was repeated twice more (total time: 34 min). After the three ischemia/ reperfusion periods, additional blood samples were obtained at 15, 30, 60, 120, 180 , and 240 min after the final cuff deflation. F 2 -isoprostanes analyses Samples for F 2 -isoprostane analyses were collected into serum-separating vacutainer tubes (SST) and kept at room temperature for 30 min to clot, then placed in a refrigerator (4°C) until being centrifuged at 3000 rpm for 15 min. Plasma was aliquoted into micro-centrifuge tubes for storage at −80°C until analysis. All samples were analyzed at the Vanderbilt Eicosanoid Core. Free F 2 -isoprostanes in plasma were quantified, after purification and derivatization, using gas chromatography/ negative ion chemical ionization- 
Statistical analyses
Participants' anthropometric and exercise testing data were compared pre-and post-intervention by paired t test to determine the effect of the exercise intervention on improving fitness. The plasma F 2 -isoprostane response across time comparing IR-pre and IR-post was analyzed by 2 × 7 repeated-measures ANOVA (trial × time point). The effectiveness of the I/R challenge is reported by the quadratic effect of time as the expected response of the trial is an increase followed by a decrease in F 2 -isoprostanes. The integrated F 2 -isoprostane responses were calculated for each individual as area under the curve (AUC) and area under the response curve (AURC) by the method of the trapezoidal rule. Mean AURC and AUC responses were analyzed by paired t test, comparing I/R-pre and I/R-post. Pearson correlation and linear regression were used to establish the relationship between various outcome variables. All comparisons were considered significant at P < 0.05. All data are reported as means ± SEM. Analyses were conducted using the statistical package "R" and IBM SPSS Statistics 22 Software (IBM Corp., Armonk, NY, USA).
Results
Thirty-two subjects were screened for participation in the study. Of those, 21 were excluded due to their physical activity levels, fitness level, scheduling conflicts, or other exclusion criteria. The final cohort included 11 participants comprised of four men and seven women. Participant characteristics are provided in Table 1 .
Effects of an 8-week exercise intervention on subject characteristics and fitness
The 8-week exercise intervention significantly improved aerobic fitness by 13.4 %, with a mean increase of 3.6 ± 0.5 ml kg −1 min −1 in relative VO 2max
(P < 0.0001). The participants attended an average of 23 of the total 24 required visits, for an adherence of 94 %. Post-exercise intervention VO 2max data were missing for one subject due to health complications unrelated to the study during the time frame allotted for post-intervention VO 2max testing, resulting in an n = 10 for all analyses requiring VO 2max data. The maximal workload reached during the maximal exercise Values are means ± SEM BMI body mass index, WC waist circumference, SBP systolic blood pressure, DBP diastolic blood pressure, VO 2max maximal oxygen consumption,WL max maximal workload, AUC area under the curve, AURC area under the response curve ***P<0.001; difference from pre-to post-intervention test significantly improved by 27 ± 6 W (P = 0.0008). There were no significant changes in any clinical measures (SBP, DBP, and maximal heart rate (HR max )) or body composition measures (WC, BMI, weight, and sum of skinfolds) as shown in Table 1 .
Response to forearm I/R trial
Baseline values for F 2 -isoprostanes did not differ preand post-exercise intervention. F 2 -isoprostane levels were significantly increased in response to the I/R trial in all visits (P = 0.001) as shown in Fig. 1 . A significant interaction between time point and trial was present (P = 0.043), but main effect of trial was not significant. Time point indicates the F 2 -isoprostane values at each blood draw during the I/R trial, while trial indicates the I/R trials pre-and post-exercise intervention. The overall integrated F 2 -isoprostane responses (AURC and AUC) did not differ significantly following the exercise intervention; however, there was a significant negative correlation between changes in aerobic fitness and AUC (r = -0.760, P = 0.011) as shown in Fig. 2 .
Discussion
Cross-sectional studies have shown that older adults who are fit have a lower F 2 -isoprostane response to an ischemic challenge than their unfit peers, and individuals reporting high indices of lifetime physical activity have reduced systemic levels of oxidative damage (Traustadottir et al. 2012 ). Here, we report the results from a small longitudinal pilot study where we investigated whether an exercise intervention could increase resistance to an acute oxidative challenge in previously sedentary older adults. We tested the hypothesis that an 8-week aerobic exercise intervention would improve the capacity to resist an oxidative challenge in sedentary older middle-aged adults as measured by changes in F 2 -isoprostanes in response to a known oxidative challenge, forearm ischemia/reperfusion (I/R trial) Traustadottir et al. 2012) . Our hypothesis was supported by a significant time-by-trial interaction showing a lower F 2 -isoprostane response to the I/R trial following completion of the exercise intervention. While differences of pre-to post-exercise training in AUC and AURC did not reach statistical significance, the pattern of response is key to interpretation of these results. The response to the I/R trial pre-exercise intervention resulted in a sustained elevation of F 2 -isoprostanes, while post-intervention F 2 -isoprostanes peaked and then returned to baseline over the course of 4 h. The differences in the pattern of response are supported by the time-by-trial interaction and suggest that older middle-aged adults can in fact restore their resilience to acute oxidative challenges through regular exercise. Acute exercise is a potent inducer of oxidative, metabolic, mechanical, and thermal stress. These responses are not limited to the actively exercising skeletal muscle (Peake et al. 2015) . Data from multiple studies across species and exercise modalities have demonstrated that a single bout of exercise increases biomarkers of oxidative stress in nearly all tissues (Nikolaidis et al. 2012; Nikolaidis et al. 2011; Shing et al. 2007 ). This signaling, along with other biochemical messengers such as growth factors, cytokines, and eicosanoids, regulates the adaptive responses (Egan and Zierath 2013) . However, the acute response of the endogenous redox system appears to be impaired with aging. In healthy young and active older adults, skeletal muscle contractions induce production of reactive oxygen species through increased mitochondrial and NADPH oxidase activity (Powers et al. 2011; Sakellariou et al. 2014; Sakellariou et al. 2013 ); yet, the increases in reactive oxygen species (ROS) in response to exercise are attenuated in sedentary older adults and animals. For example, Nyberg et al. (2014) demonstrated that a single session of leg exercise increased venous concentrations of the oxidized form of the antioxidant glutathione in young sedentary and older active adults in an intensity-dependent manner. However, no changes were observed in venous oxidized glutathione levels in the older sedentary group, despite undergoing the same exercise stimulus (Nyberg et al. 2014 ). In addition, resting levels of glutathione were lower in the older sedentary group, whereas the young sedentary and older active adults had significantly higher levels. Reactive oxygen species are known mediators of exercise adaptations; thus, in the absence of transient shifts in the redox balance, the benefits of a single session of exercise are likely lost in older adults. Recent data from our laboratory also support this notion. We found that a single session of aerobic exercise in young adults offers protection against a subsequent non-exercise oxidative challenge (forearm I/R trial) as evidenced by a lower F 2 -isoprostane response. In contrast, older adults did not receive any protection from a single session of exercise performed on the day preceding the challenge (Nordin et al. 2014) . Similarly, other studies have demonstrated that benefits of ischemic preconditioning are attenuated in older adults (Powers et al. 2004; van den Munckhof et al. 2013) . The evidence suggests a loss in signal transduction, and that a single session of exercise is insufficient to elicit adaptations in older adults. However, there is little doubt that the most effective strategy for slowing age-related physiological declines and oxidative stress is regular exercise (Booth and Hargreaves 2011) .
While a single exercise session may be insufficient to stimulate the redox system, repeated bouts of exercise, as occur in a regular exercise program, could flex the redox balance acting in an additive fashion as a primer against ensuing larger oxidative challenges. Studies in fruit flies and mammalian cells suggest that "priming the system" with repeated exposure to ROS-comparable to repeated bouts of acute exercise-confers greater resistance to an oxidative challenge, compared to a single exposure (Pickering et al. 2013) . Similarly, it has been shown in rodent models of aging that regular exercise training restores the responsiveness of the antioxidant network, primarily through ROS-regulated transcription factors (Gounder et al. 2012; Zhao et al. 2013) . We also know that lifelong physical activity is associated with reduced levels of oxidative stress, and an increased capacity to handle acute oxidative challenges in older adults (Cobley et al. 2014; Lessiani et al. 2015; Nyberg et al. 2014; Traustadottir et al. 2012) .
The results from the present study are in disagreement with some previous studies that failed to find significant differences in markers of oxidative stress following an exercise intervention (Campbell et al. 2010) . However, these studies often employed only baseline measures that may not capture the ability of the system to adapt to dynamic changes to the redox balance. For instance, our baseline measures of F 2 -isoprostanes were not different between pre-and posttesting suggesting that simply measuring basal (resting) markers without any type of challenge presents a missed opportunity to capture systemic adaptations that only become apparent in response to a challenge. The differences between studies could also be explained by their use of less sensitive or less stable markers of oxidative damage. A particular strength of our study is the measure of F 2 -isoprostanes, which are considered the gold standard for measuring oxidative stress in vivo (Yin et al. 2005) .
Our targeted intervention of 8 weeks of supervised aerobic exercise significantly improved aerobic fitness as measured by VO 2max and cycling leg power. An interesting finding in this study was the relationship between changes in fitness and improvements in the capacity to resist the oxidative challenge. We found a strong, significant correlation between improvements in VO 2max and the response to the I/R trial. Individuals with the greatest improvements in fitness displayed the greatest resistance to the I/R trial as measured by the changes in F 2 -isoprostane AUC pre-to post-training. These data suggest resistance to oxidative stressors hinges on a component of fitness rather than simple activity. Although our study was under rigorous control and all the subjects enrolled participated in the same exercise training program, it is well known that individuals respond differently to the same exercise training. For instance, a large-scale 20-week exercise intervention including 742 participants demonstrated that even with full compliance, substantial variability exists in the percent improvement of VO 2max with approximately 5 % of subjects having little or no improvement (<5 %) despite a mean improvement of 19 % (Skinner et al. 2000) . In contrast, 5 % of the subjects had an improvement of 40 to >50 %. In line with this, one of our subjects showed an improvement of only 3.1 % in VO 2max despite a mean group improvement of 13.4 %.
These data demonstrate that simply increasing activity may not be enough to improve resilience to acute oxidative challenges. Campbell et al. had similar findings in their 12-month exercise intervention, where levels of F 2 -isoprostanes decreased linearly with gains in aerobic fitness (Campbell et al. 2010 ). While there is no question that lowintensity exercise such as walking improves health outcomes, exercise of higher intensity may be necessary to restore redox balance. While our exercise intervention was relatively short, but successful nonetheless, it is certainly possible that a longer intervention would amplify the benefits we saw in our study. While we did not investigate the effects of detraining in our study, we feel confident in stating that the increased resistance to oxidative stress in response to the intervention would not be maintained without continued exercise regimen.
To our knowledge, this is the first study to test the effects of an exercise intervention in older middle-aged adults on their ability to handle a non-exercise oxidative challenge. We acknowledge the limitation of a small sample size and not having a corresponding control group. Additionally, the use of self-reported physical activity as inclusion criteria may be seen as a limitation. However, all the subjects who exhibited a higher than "fair" classification of aerobic fitness as measured by VO 2max testing, despite reporting activity consistent with a sedentary lifestyle, were excluded. Finally, we did not monitor physical activity outside of the supervised exercise sessions, so we are unable to address whether subjects further modified their activity levels during the course of the study.
This pilot study demonstrates three important points for future studies: (1) resistance to oxidative stress can be increased through regular exercise in sedentary older middle-aged adults, (2) these changes occur in a relatively short time period, and (3) improvement in aerobic fitness may be more important for this effect than are increases in physical activity. While these findings cannot be generalized specifically to improved health outcomes and reduced risk for disease, it seems likely that any improvements that would be observed could be at least partially explained by increased resistance to oxidative stressors, resulting from improved redox signaling and enhanced endogenous antioxidant network. Future studies should incorporate measures of antioxidant enzymes and/or redox-regulated transcription factors for further understanding of the mechanisms of improved resistance to oxidative stressors with exercise training.
